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Concrete degradation
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Multi-lonic model

$ii g
The transport of ions in STADIUM® is modeled with ( E ; )

the extended Nernst-Planck equation with an
advection term:

STADIUM®
o(we; o

Mass conservation equation: (815 ) +div(j;) =0
de; Dz F  ou d1n ~; dw
Flux of ions (1D): ;‘i = —‘T.-L-‘Di = — w - C; — — 'T_L-‘Diﬂi = - Dwﬂé—
() J 9 RT or 2 0
diffusion electn'cal cher_nl_cal advection

coupling activity

Variables:
e Concentrations c;
e Diffusion potential y
 Water content w
e Temperature T
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Multi-ionic model

To complete the system of equations, the following
relationships are considered:

d [ dy\ F N
Poisson: T— | w— | +—w zic; | =0
dx dx € —
. Jw o o
Richards: _ —
ot ox (Dw ox ) L
oT
Heat conduction: pCE— div (kgradT)=0

The system of equations is solved using the
finite element method:

e 11 unknowns: 8x¢; + w +y + T

e 11 equations: 8 conservation + Poisson + Richards + Heat Zsum
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Multi-ionic model

The chemical reactions are modeled according to
dissolution/precipitation equilibrium relationships:

Dissolution/precipitation: K _ = H Y~ Vmi

Portlandite:  Key = YeaVon|Cal[OH]?

In the case of chlorides, the formation of Friedel’s

salts is modeled according to an ionic exchange relationship:

e Friedel’s salts formation:

(AFm*-SO,2) + 2CI- = (AFm*-2CI") + SO,

e

Monosulfates Friedel's salt ’

2
* Relationship: g = {{;:(1)}4} [aFFmSOéL]]
m ¢
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Operator-splitting algorithm
(Isothermal case - SNIA)

» Material parameters
- Transport properties
- Cement composition
Input parameters « Exposure conditions

A 4

e 10 variables : 8xc¢c; + w + i

4,—> » 10 equations : 8 mass conservation
equations + Richards + Poisson

\ 4

Transport equations

A 4

,| * 9 solid phases
* 9 equilibrium relationships

A 4

Chemical module

Next time step

,| ©10variables: 8xc¢c; + w +
: « 9 solid phase profiles

Out'put
YSUMMA
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Multi-ionic model

To bring the solution back to equilibrium at one node,
the following non-linear system of equations is solved:

Ken = Yea You? (Ca° + Xy + 6X,p + Xgp +-00) (OH® + 22X, + 4X 0 +...)2

Gyp

Keyp = Yea Ysoa (C® + Xepy + 6Xpq + Xy +...) (SO,° + 3XKpq + Xgyp + 1)

Gyp Gyp Gyp = **

X; = amount of solid i dissolved or formed
° = concentration before equilibrium

Numerical method: Newton-Raphson

TSUMMA
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Input parameters

In order to run the model, one needs to generate
iInformation on the following properties:

» Mixture characteristics

* Binder composition

* Porosity

* Pore solution

* Diffusion coefficients (formation factor)
» Water diffusivity

The other parameters are either physical constants or
properties that have a relatively weak influence on the output:

R, z, ...
*Thermal properties: k, C



Cement chemistry

Maternial List
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Diffusion coefficients

Experimental procedure:

Specimen with silicon coating
)
Plug f
|
|

Plug

Bolts E]ectrode
|

0.5M NaCl
+
0.3M NaOH

Plug P]llg

Upstream cell Downstream cell

Evaluation of the diffusion
coefficients for all ionic
species:

*OH

‘Na

‘K

S04 ...

L‘ﬁ—- == Eperimental

Current {ma)
Pa
P

4.5

— T MUIELION
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Diffusion coefficients

ASTM Type |
w/Cc = 0.5 - Cure =18 m.

Test Condition

|

I I

Solution V/mmi t i
1 |

NaCl-05M 0.4 1 354 |
NaCl-0.5M 02 ! 385 1
NaCl-0.1M 0.4 | 39.0 !
Na,SO,—0.2M 0.4 | 41.0 ,

Variation = + 14%

ZSUMA Samson et al. (2003) Materials and Structures, (36) 156
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Water diffusivity

Drying air
Con'ta:t surface Air dl‘yl ng diffusion
e - Flow = Dy, #ei?-ef) 6( X,O):¢
Y
L L/2 < & o =0
| 96
o D(6)— =Dajr(¢_9f)
_____________________ 1 Axi-symetrical { x=L/2
T Surface @ L/2 isolation
Isolation Drying/absorption test - 0.4 T10 concrete
T
D = D, exp(Bw) A
210
B = 80 for all S
g
D, =1.5x 101 (w/c = 0.45)

D, =15 x 1014 (w/c = 0.75)

Time (davs)



Exposure conditions

%4 Exposure Conditions for: PARKING - [ Slab ]
Location STRUCTURE : [PARKING] Type of Exposure

Quebec Type of Element | Dsicing salts - NaCl |

Temperature Humidity [air] Humidity [ground]
Mean value |12 C Mean value |95 [%] Mean value [%]
Amplitude |237 i Bmplitude lﬂi [%] Amplitude ,7 [%]

Magnesium Sulfate [ [Slab] - Exposure condition at x=0

Mg504 = [ramal L]
MaCl = 1200 [rrnal/L] C
{148

- - =
Duration = ,407 daps Calcium Chloride P ‘
CaCl2 = [mmol/L] ey 83

T
Sodium Sulfate Potassium Chloride l

Na2504 = [rrimol L] KCl = [rarnal/L]

Sodium Chloride

| Location: Quebec - Exposition type: Deicing salts - HaCl - Element type: Slab |

Chloride Temp. _ : Humidity
(mmolL) (°C) L] % Temperature | (;;-;;P Humidity | ﬂ ? Chloride o
1400+ 50 -
12004 40
&0
1000 304 /—\
800 20 —/ &0
600 10 Lo
400 0
F20
200 -0
od , . | | I
a 72 144 216 288 360

Time (days) at x=0

Cancel ‘ Help ‘ white BackCalar [ Round Commer [ Wigw Border [




Experimental validation

Thin C;S slices

25-L Reservoir




Validation - Leaching

Degradation analyses

Sound C,S paste Leached C,S paste

Initial Porosity =50% 1T =35.2



Modeling - Leaching

The C-S-H decalcification modeling is based on
Berner’'s approach (1992):

[d Experimental | T
7]
X — Model -
- d
Ca?z*
N i
Ca(OH) 16 [
H;SI0, T
H,SiO,* !
0.8
| L | | | L
0 5 10 15 20
K., =274+0.31-C/5+2.08-(C/S)* Ca] (mmol/l
C/S<07 P% 502 =21 [Cal ( )
pKesh=17.50
pKesh=529+3.01-C/S-051-(C/8S)*
0.7<C/S<L5 . . o
PK coonye =18.54—16.58-C/S+5.15-(C/ S)*
o pKcsh =8.60
C/S5=1.5 PK ooy =5.18




Validation - Leaching

Ca total (g/Kg)
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Validation - Leaching

Thin C;S slices (w/c: 0.5) — Pure water
Silicon profiles

Si total (g/ka)
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Validation — Leaching (pH = 12)

Thin C;S slices (w/c: 0.5) - Calcium profiles
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Validation - Leaching

Solid phase Chemical description Equilibrium relationship -log(Ksp)
Portlandite Ca(OH), K., = {Ca} {OH} 5.2
C-S-H 1.665Ca0.Si0,.(2.45)H,0 * K., = {Ca} {OH} ** 6.2
Ettringite 3Ca0.Al,0,.3CaS0,.32H.0 K., = {Ca}® {OH)" {SO4)® {Al(OH).) 440
Monosulfates 3Ca0 Al,0; CaS04 12H.0 K., = {Ca}* {OH)" {SO4} {AI(OH)) 29 1
Gypsum CasS0,.2H-0 Kep = {Ca} (S04} 4.6
Mirabilite NazS0..10H.0 K. = {Na}” {SO4} 19

{...} indicate chemical activity
* A CIE of 1.65 is assumed for the C-3-H

** . The C-3-H decalcification is modeled as porilandite dissolution with a lower K



Validation - Leaching

Calcium content (g/kg)

350

300 A

250

200 A

150 -

100

50 A

0

The model has been validated for several degradation cases.

* Pure water exposure:

ﬂ m

|
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Paste (w/c:0.6, Type 10)
exposed to deionized
water for 3 months —

Calcium profile




Total calcium content (g/kg)

Validation — Sulfate attack
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(w/c: 0.6, ASTM Type | cement, Na,SO, = 50 mmol/L)

Calcium profiles

T N N T
_ Smmlg'gmn —a—
Microprobe measurejyent |

0 ‘

6 months

2 4 6

Position (mm)

1800

1600

1400

1200
™ 1000
K s00

H 600

400

Microprobe (count/sec)

)

(2]
=]

E

l'otal calcium content (g/k

450

400

2000

Microprobe measurement

T T
Simulation —=—

4 1800
4 1600
1400
1200

dianid 1000

800
600

Position (mm)

s 12 months {400
ik
A 1200
1 1 1 1 D
0 2 4 6 8 10

Microprobe (count/sec)



Microprobe (count/sec)

Validation — Sulfate attack

The model has been validated for several degradation cases.

e Sodium sulfate exposure:

3500
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(50 mmol/L) for 12
months —
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Chloride content (g/kg dry concrete)

=
[

Validation — Chloride attack

The approach has been validated for several degradation cases.

e Sodium chloride exposure:

0.45 CSA Type 10 (ASTM Type |) concrete

!'.IJ
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Multi-ionic model

Cmolim?]

Concenfration of iong after 250 sec

E'l:ll:l 1 1 1 I 1 I I 1 1
] — Na 5':||:|I'I"Il]|.l'_l'l"|3. c0=100mol'm”{Poigscn)
a5pl — OH Omaolim™, cl=300malm?{Poisson)
' — K Dmolim?®, c0=200molim’(Poisson)
— EE-EFI'ICI||"I'I'I3: cO=0mol/m®(Poisson)
400+ Ma 500maolim?®, c0=100malim*(E neutrality)H
OH Omalim®, c0=300molim?(E neutrality)
asp L k. Dmiolimy®, n:ﬂ=2DDrr‘nc:-h'm3_t E.neuirality)
C1 500molfm®, c0=0molim’™(E.neutrality)
300 -
250 1
2001 e .
1501 i _
'Ir 1
."’.
2 (111 SR -
S0t "1. =
|:| | | - i | | | | | |
a 0.001 0.oo2 0.003 0.004 0.005 2,006 0.007 (0.008 0.009 0.

X poaition[m]

2.
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Transport properties

Modeling the effect of temperature on diffusion

coefficients:

D;=D/*"exp [a (T—Tr)]

Evaluation of a:

w/C Hydration a (1)
(days) Type 10 Type 50 |
28 0.0248 0.0173
0.45 01 0.0207 0.0272
365 0.0314 0.0377
28 0.0283 0.0277
0.65 91 0.0372 0.0346
365 0.0341 0.0446
28 0.0286 0.0299
0.75 91 0.0320 0.0280
365 0.0313 0.0309

2.

SUMMA
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Transport properties

Modeling the effect of temperature on diffusion
coefficients:

D;=Di*"exp [a(T—T*)]

The value of a:

«does not depend on the w/c,
edoes not depend on the type of cement,
edoes not depend on hydration.

The parameter o characterizes the effect of temperature
on diffusion.

The global analysis of the results gives: a = 0.028.

TSUMMA
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Heat transfer

The following heat conduction equation is implemented in the 1D
version of the model:

pC % —div (kgradT)=0

where the conductivity k depends on temperature T
and the degree of saturation S ™

=k (0.244(5 —1)+1)x (0.0015(1" e )+ 1)

£ Kim et al., Cement and Concrete Research 30 (2003) 363-371 Zsum
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Transport equations

Without the constant temperature assumption, the
following term is added to the flux relationship:

ji =-D, aCI
oX RT oX

b ZiFCI aW_DiCI alan% _Diqln(%Q)aT
X

*Special care must be taken when ¢;=0 because of the
In term. Evaluating the limit shows that the term
tends to O in that case.

TSUMMA
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Chemical reactions

The effect of temperature on chemical reactions is modeled
according to the Van't Hoff relationship.

It relates the equilibrium constant of the solid phases
considered in STADIUM® with temperature.

i o AH? (1 1
In(Kep) =In(K°) + 7 (T“ - T)

e T° and K° are reference values at 25°C.
* AH° is the reaction enthalpy.

TSUMMA
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Diffusion coefficients

a
14 (a —1)e=(ttres)

Hydration function: H(t) =

I:)CI
3.0
(E X 1011 m% S) 25 | FA — Type F:
. 2.0 1 a:0.17
Curing Type 10 215 o.: 0.004

1.0 -

28 15,2 00 \ \ \

91 14.9 0 200 400 600 800

365 14’1 Time (days)
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Diffusion coefficients
Impact of moisture content

7/3

Di f— TD?(@TKB)

w

Millington and Quirk,

Trans. Faraday Soc., vol. 57 (1961) ZSUMA
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Diffusion coefficients
Impact of degradation

" Calcium-leached z e

| N3 /1 — o 2 | o430/ Vy
o= (2) (S2) o= S
2.SUMMA



